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Description 

[MTHOD FOR FABRICATING 
PIEZOELECTRIC WORKPIECE WITH 
AUGMENTING SURFACE ELECTRODE] 

Cross Reference to Related Applications 

[0001] This application is a divisional of a prior application serial 
no. 10/064,465, filed July 17, 2002, which claims the pri- 
ority benefit of Taiwan application serial no. 91114481, 

filed July 01, 2002. 
Background of Invention 

[0002] Field of the Invention 

[0003] This invention relates in general to piezoelectricity and, in 
particular, to the protection and reliability improvement of 
piezoelectric workpieces utilizing augmenting surface 
electrodes. More particularly, this invention relates to a 
method for fabrication of piezoelectric workpiece with 
augmenting surface electrode. 

[0004] Technical Background 


[0005] Piezoelectricity is useful in various applications. With the 
advancements in material science and microelectronic 
technology, piezoelectric apparatuses are found in ever 
more equipment, scientific, industrial, or commercial. 
Typical examples include piezoelectric transformer in the 
power system of portable devices such as notebook com- 
puters, personal digital assistant (PDA), and cellular 
phones, accelerometer and gyroscope for commercial 
navigation devices and piezoelectric signal filter in indus- 
trial sensory and control systems, among others. 

[0006] Workpieces of different physical shapes and sizes of the 
piezoelectric nature are the center core of piezoelectric 
systems. Piezoelectric workpieces are made of materials 
capable of being fabricated to exhibit piezoelectricity. 
Typically, selected powdered material such as lead zir- 
conate titanate (PZT) is made into the piezoelectric work- 
piece of the desired shape and size in a sintering-based 
fabrication procedure. During the high-temperature sin- 
tering phase, grains in a molded workpiece are grown. For 
some commercial piezoelectric material, sintering brings 
up useful piezoelectricity, but for many others, further 
processing is necessary. For these materials, a bulk work- 
piece does not possess piezoelectricity until it is pro- 


cessed in a polarization procedure. 

[0007] Thermal polarization procedures generally known as pol- 
ing are employed to orient the electric dipoles in the grain 
molecules of the workpiece. The aim is so that the grain 
molecules, in the bulk, exhibit a gross polarization that in 
general conforms to the desired orientation field pattern 
of the piezoelectric device for certain designed operating 
characteristics. To implement the polarization processing 
on the workpiece under fabrication, electric fields of rela- 
tively high voltage are necessary. High voltage needs to be 
supplied across electrodes adhered (fixedly attached) to 
the surface of the workpiece for a prolonged period of 
time so as to facilitate the poling. 

[0008] one obvious problem with the conventional technique of 
piezoelectric workpiece fabrication is related to the 
above-mentioned high-voltage poling. In general, the 
electrodes used for polarization processing are also the 
functional electrodes of the same workpiece for its future 
normal operation. Considering that the polarization volt- 
age is, typically, several to tens of times that of the volt- 
age that will be present across the function electrodes of 
the workpiece during normal operation, it is likely that the 
polarization processing during fabrication, if not designed 


properly, becomes damaging to the workpiece itself. Two 
possible causes are responsible for such destructive po- 
larization processing results accompanying the relatively- 
high polarization voltage. 

[0009] The first is understood to be related to the uneven inter- 
nal body stress arising from the poling of molecular elec- 
tric dipoles in the workpiece. As the poling is imple- 
mented for an extended period of time, material crys- 
talline grains within the workpiece located between the 
electrodes supplied with a high electric potential differ- 
ence are gradually polarized. As the electric dipoles of 
those grains are gradually polarized, the grains also ex- 
hibit an ever more significant piezoelectricity. 

[0010] Gradually, the workpiece thus experiences partial piezo- 
electric deformation in the body portion generally be- 
tween the poling electrodes. Since, as mentioned, this 
poling voltage is times higher than that of normal opera- 
tion, such partial structural deformation is likely to create 
significant internal mechanical stress in the boundary re- 
gion where the polarized and un-polarized regions meet. 
Such body stress is sometimes sufficient to break the 
workpiece into pieces. This is particularly the case if one 
or more of the electrodes for a piezoelectric workpiece are 


patterned into shapes with acute angles. Such electrode 
shape patterns are more likely to induce high regional 
concentrations of internal mechanical stress within the 
piezoelectric workpiece. 
[0011] The second cause is in relation to the phenomenon of 
point discharge across the electrodes used for polariza- 
tion processing. This, also, is particularly true if an elec- 
trode for a piezoelectric workpiece is patterned into a 
shape with acute angles to induce point discharge during 
polarization processing. A point discharge during the pol- 
ing processing of workpiece fabrication is likely to be 
catastrophic since the body of the workpiece may be fa- 
tally broken apart into pieces. Surge current in association 
with a point discharge across electrodes of a piezoelectric 
workpiece inevitably gives rise to abrupt increase in local 
body mechanical stress along the path of the discharge 
current. Frequently, as had been observed, such an abrupt 
regional stress increase breaks up the workpiece into 
pieces. 

[0012] After fabrication, operation of a piezoelectric workpiece, 
as is well known, involves the mechanical/electrical en- 
ergy conversion. Sustained and reliable operation of a 
workpiece in a piezoelectric system is dependent on sev- 


eral factors. Among these factors, the bulk physical struc- 
tural characteristics in the workpiece is an important one. 

[0013] Although the electric voltages in relation to the operation 
of a piezoelectric workpiece are relatively much lower than 
those employed during the fabrication phase for the same 
workpiece, however, a workpiece is only exposed to fabri- 
cation electric fields for the matter of a few hours. By con- 
trast, reliable operation of a piezoelectric system requires 
that the workpiece be used for thousands of hours. Thus, 
stress concentration build-ups within the body of a 
piezoelectric workpiece not sufficient to fail the device 
during the fabrication phase may still fail the device dur- 
ing prolonged periods of normal operation. For example, 
if the piezoelectric device is operated in non-optimized 
modes, the internal heat build-up is a likely factor to am- 
plify the mechanical stress concentration to a level suffi- 
cient to fail the device. 

[0014] For the foregoing reasons, there is a need for a method to 
avoid the formation of regions with abrupt polarization 
orientation alteration inside the body of a piezoelectric 
workpiece that may lead to mechanical stress concentra- 
tions and eventually result in structural failure, either dur- 
ing the manufacturing phase or during normal operation. 


[0015] There is also a need for a method to smooth the polariza- 
tion orientation alterations inside the body of a piezoelec- 
tric workpiece that prevents the build-up of mechanical 
stress concentrations to damaging levels, either during 

the manufacturing phase or during normal operation. 
Summary of Invention 

[0016] The invention is directed to augmenting surface elec- 
trodes for piezoelectric workpieces for improving fabrica- 
tion and operation reliability thereof. A method for fabri- 
cating piezoelectric workpieces with augmenting surface 
electrodes is disclosed for improving fabrication and op- 
eration reliability of the workpieces. The fabrication 
method forms a plurality of function electrodes on the 
surface of the body of the workpiece and the function 
electrodes being connected in the electric circuit of the 
piezoelectric system. At least one of the function elec- 
trodes has a shape with a contour of at least one acute 
angle. At least one polarization augmenting electrode is 
then formed on the surface of the body proximate to the 
acute angle, the polarization augmenting electrode and 
the proximate function electrode thereof constituting a 
gross electrode when connected electrically together. 
Electric dipoles of grain molecules of the body are then 


polarized utilizing the gross electrode, the gross electrode 
substantially cancelsthe acute angle when paired with one 
of the function electrodes and connected to a polarization 
voltage for implementing the polarization. The polariza- 
tion voltage polarizes electric dipoles of grain molecules 
of the body in between the pair so that the boundary re- 
gion between different polarization orientation distribu- 
tion regions within the piezoelectric workpiece is 

smoothed without any acute angle. 
Brief Description of Drawings 

[0017] These and other features, aspects, and advantages of the 
invention will become better understood with regard to 
the following description, appended claims, and accom- 
panying drawings where. 

[0018] FIG. 1 schematically illustrates the abrupt alteration of the 
electric dipole polarization field inside the structural body 
of a piezoelectric workpiece in the region proximate to an 
acute-angled area of a function electrode. 

[0019] FIG. 2 schematically illustrates the smoothing of the po- 
larization field inside the structural body of a piezoelectric 
workpiece of FIG. 1 in the region proximate to the acute- 
angled area of the function electrode in accordance with 
an embodiment of the present invention. 


[0020] FIG. 3 is a top view illustrating the placement of an aug- 
menting surface layer for a generally elliptically-shaped 
function electrode in accordance with an embodiment of 
the present invention. 

[0021] FIG. 4 is a top view illustrating the placement of another 
augmenting surface layer for the generally elliptically- 
shaped function electrode of FIG. 3 in accordance with an 
embodiment of the present invention. 

[0022] FIG. 5 is a top view illustrating the location of a fabrica- 
tion-phase augmenting surface electrode on the surface 
of a piezoelectric workpiece having a generally elliptically- 
shaped function electrode in accordance with an embodi- 
ment of the present invention. 

[0023] FIG. 6 is a top view illustrating the location of another 
fabrication-phase augmenting surface electrode on the 
surface of the piezoelectric workpiece having a generally 
elliptically-shaped function electrode of FIG. 5 in accor- 
dance with an embodiment of the present invention. 

[0024] FIG. 7 is a top view illustrating the electrode pattern of the 
piezoelectric workpiece of FIGS. 5 and 6 after the comple- 
tion of the fabrication phase thereof. 

[0025] FIG. 8 schematically illustrates the cross-section of a 

piezoelectric workpiece without the augmenting surface 


layer. 

[0026] FIG. 9 schematically illustrates the piezoelectric workpiece 
of FIG. 8 having incorporated an augmenting surface layer 
in accordance with an embodiment of the present inven- 
tion. 

[0027] FIG. 10 is a cross-sectional view illustrating the contact of 
poling electrodes with both the function and the aug- 
menting surface electrodes in accordance with an embod- 
iment of the present invention. 

[0028] FIG. 11 is a cross-sectional view illustrating the contact of 
a poling electrode that is used directly as an augmenting 
surface layer in accordance with an embodiment of the 
present invention. 

[0029] FIG. 12 illustrates the point discharge induced at the 

acute-angled area of a function electrode of a piezoelec- 
tric workpiece. 

[0030] FIG. 13 illustrates the avoidance of point discharge at the 
acute-angled area of the function electrode of FIG. 12 in 
accordance with an embodiment of the present invention. 

[0031] FIG. 14 illustrates the piezoelectric workpiece of FIG. 9 
having an additional function electrode. 

[0032] FIG. 15 illustrates the piezoelectric workpiece of FIG. 14 
having incorporated another augmenting surface layer in 


accordance with an embodiment of the present invention. 

[0033] FIG. 16 illustrates the relative placement of an augmenting 
surface layer with respect to an arbitrary-shaped function 
electrode of a piezoelectric workpiece in accordance with 
an embodiment of the present invention. 

[0034] FIG. 17 illustrates the relative placement of another aug- 
menting surface layer with respect to the function elec- 
trode of the piezoelectric workpiece of FIG. 16 in accor- 
dance with an embodiment of the present invention. 
Detailed Description 

[0035] The best modes of implementation of the fabrication of 
the piezoelectric workpiece of the present invention will 
be described in the following paragraphs. 

[0036] | n a perspective view, FIG. 1 schematically illustrates the 
abrupt alteration of the electric dipole polarization field 
inside the structural body of a piezoelectric workpiece in 
the region proximate to an acute-angled area of a func- 
tion electrode. As is illustrated, a section 102 of a piezo- 
electric workpiece 100 is shown to have a function elec- 
trode 110 adhered to the top surface thereof. An opposite 
section 104 of the workpiece 100 at the right of section 
102 has an end electrode 118, which is also a function 
electrode of the piezoelectric workpiece 100. Note that 


the perspective view of FIG. 1 is to schematically outline 
the general distribution of the internal electric dipole po- 
larization and is therefore partially shown to be transpar- 
ent. 

[0037] For certain piezoelectric system design requirements, the 
function electrodes of a particular workpiece need to have 
contours with sharp-turning, or acute, angles. For exam- 
ple, the generally elliptical shape of the function electrode 
110 in the vicinity of the region identified by reference 
numeral 112 in FIG. 1 is considered to be sharp-angled. 
Experiences show that such a sharp angle is likely to 
cause problem. 

[0038] For a typical piezoelectric workpiece such as 100 of FIG. 

1, the function electrode 110 is frequently paired with an- 
other electrode 111 adhered to the opposite (bottom) sur- 
face of the body of the workpiece having a shape contour 
as illustrated by the phantom-lines. Frequently when this 
paired electrode 111 is used as the common electrode for 
the electric circuit of the piezoelectric system, it typically 
has a rectangular shape. 

[0039] | n between the pair of electrodes 110 and 111, the crys- 
talline grains of the body of the workpiece 100 are made 
to exhibit a gross electric dipole orientation generally or- 


thogonal to the pair of electrodes, as is depicted in the 
drawing by the vertical arrows between the electrodes 110 
and 111. 

[0040] Meanwhile, orientation of electric dipoles within the work- 
piece body crystalline grains other than those between 
electrodes 110 and 111 is frequently, by design, different. 
Consider the case in which the piezoelectric workpiece 
100 has another function electrode 118 to the far right of 
the body as shown in the drawing. Such a piezoelectric 
system design requires that the grains in the body region 
generally to the right of the electrode pair 1 10 and 1 1 1 to 
exhibit a gross electric dipole orientation different than 
that in the region between the pair. For example, the 
gross orientation may need to be substantially parallel to 
the longitudinal axis of the body of the workpiece, as is il- 
lustrated in the drawing by the horizontal arrows. 

[0041] Thus, in the case of the workpiece of FIG. 1, there are at 
least two major electric dipole orientations inside the 
workpiece body structure. In the region generally indi- 
cated by reference numeral 114 where the two body sec- 
tions of different electric dipole gross orientations meet, 
grains of the body material of the workpiece exhibit a dif- 
ferent physical characteristics that is signified by the 


abrupt alteration of electric dipole moment from one ori- 
entation to the other. In the case of the piezoelectric 
workpiece design of FIG. 1, this orientation alteration is 
considered maximum practically at 90 degrees sweep 
from the vertical orientation in the region between the two 
electrodes 110 and 111 to horizontal in the region to the 
right. 

[0042] The boundary region, as generally represented by the re- 
gion 114, is itself drastically twisted. This is due to, and 
follows, the section of the general contour of the function 
electrode 110 proximate to the boundary region 114. 
These declivitous changes in the electric dipole orienta- 
tion practically turn the boundary region 114 into a region 
of hot spots for accumulation of mechanical stress when 
the workpiece is operated to conduct mechanical/electri- 
cal energy conversion. In particular, stress hot spots arise 
in areas proximate to the sharp-angled regions of the 
function electrodes of the piezoelectric workpiece. 

[0043] it is necessary to avoid, at least to smooth, the formation 
of regions with abrupt polarization orientation alterations 
inside the body of a piezoelectric workpiece. These re- 
gions may lead to mechanical stress concentrations and 
eventually result in structural fail ure. either durina the 


manufacturing phase or normal operation of a piezoelec- 
tric workpiece. 

[0044] | n order to achieve this, in accordance with the present in- 
vention, augmenting electrically-conductive surface layers 
that can be used as electrodes during the fabrication 
phase of piezoelectric workpieces are implemented. As 
will be explained in the following description of the 
present invention, augmenting electrodes for a piezoelec- 
tric workpiece for this smoothing purpose are only effec- 
tive during the fabrication stage of the workpiece. They 
are functionless during the normal operation of the piezo- 
electric workpiece. Alternatively, the present invention 
also proposes to use properly-shaped and properly-lo- 
cated fabrication-stage augmenting electrodes instead of 
permanent surface electrodes for achieving the inventive 
goal of boundary region smoothing. 

[0045] FIG. 2 schematically illustrates the boundary region 

smoothing of the polarization field inside the structural 
body of a piezoelectric workpiece 200 of FIG. 1 in accor- 
dance with an embodiment of the present invention. The 
smoothing is in the region proximate to the acute-angled 
area of the function electrode. The smoothing is achieved 
via the use of an augmenting electrode 216 during the 


fabrication stage while the poling of the material grains 
between the two function electrodes 210 and 211 is in 
session. 

[0046] N 0 te that in the case of a piezoelectric workpiece such as 
the one depicted in FIG. 2, the augmenting electrode 216 
in a preferred embodiment of the present invention has 
the shape of a generally-elongated and, frequently, 
straightened, or smoothly-curved, band. Such an aug- 
menting band of electrode has its long edge substantially 
aligned with the corresponding edge of the rectangular- 
shaped function electrode 211 located on the opposite 
surface of the piezoelectric workpiece. 

[0047] For the piezoelectric workpiece of the embodiment of the 
present invention as depicted in FIG. 2, poling of the verti- 
cal electric dipoles for the material grains in between the 
pair of function electrodes 210 and 211 is implemented 
with the participation of the augmenting electrode 216. 
Augmenting electrode 216 is electrically connected to the 
function electrode 210 during the poling operation. To- 
gether, the function electrode 210 and the augmenting 
electrode 216 constitute a gross electrode at the same 
electric potential that is paired with the corresponding 
electrode 211 located on the opposite surface of the 


workpiece. With the application of the high poling voltage 
across this gross electrode pair, electric dipoles of the 
grain molecules in the workpiece generally situated be- 
tween the pair of gross poling electrodes are gradually 
turned to their desired (vertical) orientation. 

[0048] with the presence of the augmenting electrode 216 during 
the poling stage of the fabrication, the drastically-twisted 
boundary region 114 in the case of FIG. 1 can be avoided. 
Instead, a smoothed region of boundary generally indi- 
cated by reference numeral 214 in FIG. 2 is formed as the 
poling operation is gradually performed. This smoothing 
is due to the presence of the augmenting electrode 216 in 
the general shape of an elongated and straightened band. 
Effectively, this straightened band 216 assists in smooth- 
ing the boundary region between the region of vertical 
poling orientation (generally between the function elec- 
trodes 210 and 211) and its neighboring region to the 
right (that usually has a horizontal polarization field). 

[0049] Note, again, that the augmenting electrode 216 for the 
piezoelectric workpiece 200 of FIG. 2 is only functional 
during the fabrication phase in particular, the poling pro- 
cessing of the workpiece in the fabrication. As described, 
the augmenting electrode participates in turning the elec- 


trie dipoles so that they align to the desired orientation 
with the smoothed boundary region contouring between 
sections of a piezoelectric workpiece required to have dif- 
ferent bulk poling orientations. Afterwards, the smoothing 
augmenting electrode has no role when the workpiece is 
operated normally in a piezoelectric system. 
[0050] Thus, in the case of the piezoelectric workpiece 200 of 
FIG. 2, while the augmenting electrode 216 can be fabri- 
cated as permanent electrode to reside on the top surface 
of the body, it can also be a temporary electrode. Such a 
temporary electrode can be pressedly attached to the 
workpiece 200 on its assigned and optimized location 
only during the poling processing stage of the fabrication 
phase. After the desired poling pattern is established in- 
side the structural body of the workpiece, this temporary 
augmenting electrode can be removed, leaving no trace 
on the surface of the device at all. A couple of embodi- 
ments of the present invention employing this concept of 
temporary augmenting electrode are shown and described 
in FIGS. 3 -7 as will be described in detail in the following 
paragraphs. 

[0051] | n this manner, the boundary region 214 is relatively 

smoothed when compared to the corresponding region 


114 in the case of FIG. 1. This is due to the use of the 
augmenting electrode 216 when the workpiece is fabri- 
cated. The general contour of the augmenting electrode 
216 proximate to the boundary region 214 is relatively 
un-curved it is in general in a straight line. This smoothed 
boundary region 214 practically avoids the accumulation 
of mechanical stress when the workpiece is operated to 
conduct mechanical/electrical energy conversion. Reliabil- 
ity of the workpiece is thus improved without mechanical 
stress hot spots. 
[0052] FIG. 3 is a top view illustrating the placement of an aug- 
menting surface layer for a generally elliptically-shaped 
function electrode in accordance with the embodiment of 
the present invention described in FIG. 2. As is shown in 
the top view, the function electrode 210 is generally el I i p— 
tically shaped, with a sharp-angled end 212 close to the 
boundary region 214. The augmenting electrode 216 is 
fabricated permanently on the top surface of the work- 
piece 200 near the boundary region 212. The augmenting 
electrode 216 is fabricated substantially in the form of an 
elongated band. Such an augmenting band of electrode, 
when connected electrically to the function electrode 210 
for poling during the fabrication phase of the workpiece 


200, assists in easing and smoothing the boundary region 
214 so that mechanical stress hot spots are avoided, both 
during the fabrication phase and normal operation of the 
workpiece. 

[0053] FIG. 4 is a top view illustrating the placement of another 
augmenting surface layer for the generally elliptically- 
shaped function electrode of FIG. 3 in accordance with an 
embodiment of the present invention. As is illustrated, the 
function electrode 410 is also generally elliptically shaped, 
with a sharp-angled end 412 close to the boundary region 
414. Although the augmenting electrode 416 is fabricated 
permanently on the top surface of the workpiece 400, but 
unlike in the case of FIGS. 2 and 3, electrode 416 is made 
to surround the entire function electrode 410. The aug- 
menting electrode 416 is different from the augmenting 
electrode 216 of the workpiece of FIG. 2 in that the it is it- 
self a closed loop that encircles the function electrode en- 
tirely. Note, however, that such full enclosure is not a 
necessary condition to achieve the smoothing of the 
boundary region as desired. 

[0054] The augmenting electrode 416 and the function electrode 
410 combined as a whole when implementing poling dur- 
ing the fabrication phase, the gross electrode (with elec- 


trodes 410 and 416 connected electrically to the same 
voltage) appears substantially equivalent to a rectangular 
electrode. This is despite the presence of the non- 
conducting band 417 separating the two electrodes. Such 
an encircling augmenting electrode 416, when connected 
electrically to the function electrode 410 for the imple- 
mentation of poling of the workpiece 400, assists to 
achieve in the easing and smoothing of the boundary re- 
gion 414. 

[0055] Thus, an augmenting electrode can be non-permanent 
but temporary. These temporary augmenting electrodes 
being required to be present in the body system of a 
workpiece and be functional only during the fabrication 
phase of the device. FIG. 5 is a top view illustrating the lo- 
cation of a fabrication-phase augmenting electrode on the 
surface of a piezoelectric workpiece in accordance with an 
embodiment of the present invention. This augmenting 
electrode 516 is non-permanent and has a shape similar 
to electrode 216 of FIGS. 2 and 3 described above. 

[0056] The augmenting electrode 516 can be considered as the 
non-permanent, or temporary, type of the corresponding 
permanent electrode 416 in the workpiece 400 of FIG. 4. 
The phantom-lined contour of electrode 516 in the draw- 


ing signifies the fact that it is only present during the fab- 
rication phase of the workpiece, and is removed after- 
wards. FIG. 7 shows such a fabricated workpiece 500, 
which has only the function electrode left on the top sur- 
face of the device. 

[0057] FIG. 6 is a top view illustrating the location of another 
fabrication-phase augmenting surface electrode on the 
surface of the piezoelectric workpiece in accordance with 
an embodiment of the present invention. This augmenting 
electrode 616 illustrated in phantom-lines is also non- 
permanent and has a shape similar to the augmenting 
electrode 416 of FIG. 4 described above. Similarly, the 
non-permanent augmenting electrode 616 is the tempo- 
rary counterpart of electrode 416, and as its functionality 
is implemented during the fabrication phase of the work- 
piece 600, it is not seen on the top surface of the work- 
piece, as is illustrated in FIG. 7. FIG. 7 is a top view illus- 
trating the electrode pattern of the piezoelectric work- 
piece of FIGS. 5 and 6 after the completion of the fabrica- 
tion phase thereof. 

[0058] Essentially, the two workpieces 500 and 600 of FIGS. 5 
and 6, although employing their respective augmenting 
electrodes 516 and 616 during poling operation, are fab- 


ricated into workpieces of virtually the same appearance 
as shown in FIG. 7. The difference between the two being 
the internal poling characteristics that is not visible from 
the appearance of the workpieces. 

[0059] FIG. 8 schematically illustrates the cross-section of a 

piezoelectric workpiece without the augmenting surface 
layer of the present invention. The drawing shows the var- 
ious electrodes of a workpiece 800 connected to an elec- 
tric circuit system 830 of the piezoelectric system 850 for 
driving a load 840. For example, the electrode 811, as a 
common electric node, is connected both to the circuit 
loops of the function electrode 810 and that of the func- 
tion electrode 818 of the load 840. In atypical application 
in which the workpiece 800 is utilized as a piezoelectric 
transformer that picks up electrical energy from the DC 
power source 830 to drive an AC load 840 (such as a 
cold-cathode fluorescent light, CCFL, tube), the function 
electrode 810 is used as the actuating input electrode and 
the function electrode 818 as the output. 

[0060] without the participation of an augmenting electrode in 
the fabrication phase, such a prior-art piezoelectric de- 
vice, as in FIG. 8 described above, has an electric dipole 
poling boundary region 814 that easily accumulates hot 


spots of mechanical stress. Such hot spots invite prema- 
ture failure of the workpiece, either during the fabrication 
or the normal operation of the device. 

[0061] | n accordance with the teachings of the present invention 
as described in the previous paragraphs, a piezoelectric 
workpiece employing the concept of the inventive aug- 
menting electrodes as outlined FIG. 9 can be free from 
such problems. FIG. 9 schematically illustrates a piezo- 
electric system 950 in which the workpiece is based on 
that of FIG. 8 and has incorporated onto itself an aug- 
menting surface layer in accordance with an embodiment 
of the present invention. Compared to FIG. 8, an addi- 
tional augmenting electrode 916 is added into the system 
950 that smoothes the boundary region 914 between the 
two sections of different poling characteristics. 

[0062] Note, as the drawing shows clearly, the augmenting elec- 
trode 916 does not take part in the operating mode of the 
workpiece 900. This is clearly illustrated as the electrode 
916 is left unconnected electrically in the electrical circuit 
of the system 950. Also, FIG. 9 only shows an application 
mode of the workpiece 900 as it is connected in a me- 
chanical/electrical system 950. Note here that the work- 
piece 900 has incorporated a permanent type of aug- 


meriting electrode 916 on its surface. 
[0063] FIG. 10 is a cross-sectional view illustrating the contact of 
poling electrodes with both the function and the aug- 
menting surface electrodes in accordance with an embod- 
iment of the present invention. During the poling phase of 
the fabrication of the workpiece 1000, the function elec- 
trode 1010 and the augmenting electrode 1016 are elec- 
trically connected together. This common node is then 
paired with the node of the electrode 1011, and the pair 
of nodes is connected across the poling voltage V . To 

K a a Poling 

do this, contact electrodes 1061, 1062 and 1063 are 
used. As is shown in the drawing, contact electrodes 
1061, 1062 and 1063 are pressed with adequate force 
onto the surface of their respective function electrodes 
1011, 1010 and 1016. 
[0064] since the electrical contact of the contact electrodes with 
their respective workpiece surface electrodes is only nec- 
essary during the poling phase of the device, such con- 
tacts are therefore temporary in nature. A reasonable 
scheme to implement these contacts is via the use of ade- 
quate fabrication fixture that presses these contact elec- 
trodes onto the surface of the workpiece 1000, as is com- 
prehensible to those skilled in the art. Also, as is compre- 


hensible, such poling contacts need to be made under 
sufficient mechanical pressure to ensure adequate electri- 
cal contact between the poling electrodes and their re- 
spective function/augmenting electrodes. 

[0065] By contrast, FIG. 11 is a cross-sectional view illustrating 
the contact of a poling electrode that is used directly as 
an augmenting surface layer in accordance with an em- 
bodiment of the present invention. In this described em- 
bodiment of the present invention, since there is no per- 
manent and physical augmenting electrode fabricated 
onto the corresponding location on the surface of the 
workpiece 1100, the augmenting poling electrode 1116 is 
directly pressed onto the surface of the device. 

[0066] FIG. 12 illustrates the point discharge induced at the 

acute-angled area of a function electrode of a piezoelec- 
tric workpiece. As mentioned, such point discharges are 
likely to occur across the electrodes used for polarization 
processing. FIG. 12 depicts a function electrode 1210 
having a contour with sharp-pointed ends. When a point 
discharge takes place, at the electrode end 1212 near the 
center of the workpiece 1200 in particular, the workpiece 
1200 is likely to be broken into pieces, which is a fatal re- 
sult. The surge current in association with a point dis- 


charge across the tipped end 1212 of the function elec- 
trode 1210 and the corresponding electrode 1211 gives 
rise to an abrupt increase in local body mechanical stress 
along the path of the discharge current. Frequently, such 
an abrupt regional stress increase breaks up the work- 
piece into pieces. 

[0067] FIG. 13 illustrates the avoidance of point discharge at the 
acute-angled area of the function electrode of FIG. 12 in 
accordance with an embodiment of the present invention. 
An augmenting electrode 1316 can be placed near the 
tipped end 1312 of the workpiece 1300 so as to disperse 
the accumulation of electrical charges, as is illustrated in 
the drawing. Note that this augmenting electrode 1316 is 
also capable of serving the function of smoothing the po- 
larization boundary region as described above. 

[0068] Thus, augmenting electrodes in accordance with the 
present invention are useful for preventing premature 
failure of a piezoelectric workpiece while not affecting the 
functional usefulness of the workpiece in a piezoelectric 
system. Although the augmenting electrodes described so 
far are mainly useful during the fabrication phase of a 
piezoelectric workpiece, however, as can be seen in the 
following paragraphs, an additional usefulness of the 


augmenting electrode of the present invention can be 
found during the normal operation of a workpiece. 

[0069] FIG. 14 illustrates the piezoelectric workpiece of FIG. 9 
having an additional function electrode. The use of this 
functional electrode 1421 on the body surface of the 
workpiece 1400 is per design requirement of the piezo- 
electric system 1450. For example, if the piezoelectric 
system 1450 is engaged in a transformer application as 
described above, a feedback node 1421 essentially an- 
other function electrode is fabricated to the desired loca- 
tion on the surface of the workpiece 1400. As is compre- 
hensible, this feedback node 1421 can be used to pickup 
up signal of the workpiece 1400 for feedback to the elec- 
tric circuit 1430 for, for example, implementing a closed- 
loop control scheme in a power transforming application. 

[0070] The use of such a function electrode, which is relatively 
isolated spatially, is likely to accumulate electric charges 
to a level dangerous to the workpiece itself when the op- 
eration of the system is prolonged in time. Sufficient ac- 
cumulations of electric charges on such function elec- 
trodes as 1421 of the system 1450 of FIG. 14 had been 
observed to cause catastrophic results breakage of the 
piezoelectric workpiece into pieces. 


[0071] FIG. 15 illustrates the piezoelectric workpiece of FIG. 14 
having incorporated another augmenting surface layer in 
accordance with an embodiment of the present invention. 
The use of an additional augmenting electrode 1522 in 
the system 1550 is advantageous in preventing these op- 
erational failures. An augmenting electrode 1522 for an 
isolated function electrode such as 1521 of FIG. 15 is lo- 
cated at a surface location of the workpiece 1500 sub- 
stantially opposite to the location of the electrode 1521. 
This establishes a symmetry. The symmetry provided by 
this augmenting electrode 1521 for the spatially isolated 
function electrode 1521 is believed to have concealed the 
effect of biased electric charge accumulation around the 
spatially isolated electrode 1421 as illustrated in FIG. 14. 
The augmenting electrode 1522 in the case of FIG. 15 is 
able to invite the accumulation of its own electric charges 
around itself. 

[0072] such induced charge accumulation around augmenting 

electrode 1522 due to that of the function electrode 1521 
is believed to have allowed the evening of the mechanical 
stress in the vicinity of these electrodes. Experimental re- 
sults had shown the usefulness of these augmenting elec- 
trodes in preventing breaking of workpieces with spatial- 


lyisolated function electrodes such as for feedback signal 
pickup. It is necessary to also mention that experimental 
results had also confirmed the usefulness of augmenting 
electrodes in accordance with the teachings of the present 
invention in preventing workpiece breaking during the 
poling processing of the fabrication phase. 
[0073] For a general rule of implementing an augmenting elec- 
trode of the present invention for a piezoelectric work- 
piece in pursuit of improved device reliability, FIGS. 16 
and 17 provide a couple of examples. FIG. 16 illustrates 
the relative placement of an augmenting surface layer 
1616 with respect to a relatively irregularlyshaped func- 
tion electrode 1610 of a piezoelectric workpiece 1600 in 
accordance with an embodiment of the present invention. 
On the other hand, FIG. 17, in accordance with an embod- 
iment of the present invention, illustrates the relative 
placement of another augmenting surface layer 1716 with 
respect to the function electrode 1710 of the piezoelectric 
workpiece 1700 that is virtually the same as that of FIG. 
16. 

[0074] | n general, the overall shape of an augmenting electrode 
at the edge opposite to that facing the function electrode 
it is intended to augment is required to have a contour as 


smooth as possible. This is illustrated in the embodiments 
as outlined in FIGS. 16 and 17. Specifically, the outer edge 
of the augmenting electrode 1616 is substantially circular. 
In the case of FIG. 17, the outer edge of the augmenting 
electrode 1716 is also circular, although its inner edge is 
as irregular as the contour of its augmented function 
electrode 1710. 

[0075] Thus, a piezoelectric workpiece to be connected in an 
electric circuit for energy conversion between electrical 
and mechanical forms in a piezoelectric system in accor- 
dance with a preferred embodiment of the present inven- 
tion would comprise a body, a number of function elec- 
trodes, and at least an augmenting surface electrode. 
Note that the augmenting surface electrode in such em- 
bodiment of the invention is a permanent electrode, even 
though its smoothing functionality is only effective during 
the fabrication phase of the workpiece. 

[0076] The body of piezoelectricity is for implementing the en- 
ergy conversion. The function electrodes are each fixedly 
attached to the surface of the body, and the function elec- 
trodes are connected in the electric circuit for implement- 
ing the energy conversion. At least one of the function 
electrodes has a shape with a contour of at least one 


acute angle. At least an augmenting surface electrode has 
a substantially elongated shape fixedly attached to the 
surface of the body proximate to the acute angle. The 
augmenting surface electrode and the proximate function 
electrode thereof constitute a gross electrode that sub- 
stantially cancels the acute angle when both are con- 
nected electrically to the same electric potential. The 
acute angle is cancelled during the polarization of electric 
dipoles of the body grain molecules so that the boundary 
region between different polarization orientation distribu- 
tion regions can be smoothed. As a result, the reliability 
of the piezoelectric workpiece is improved both during the 
fabrication and during normal operation of the workpiece. 
[0077] | n accordance with an alternate concept of the present in- 
vention, the augmenting layer is temporary. Based on 
such an embodiment, a piezoelectric workpiece comprises 
a body and a number of function electrodes. The body of 
piezoelectricity is for implementing the energy conver- 
sion; and the function electrodes are each fixedly attached 
to the surface of the body. The function electrodes are 
connected in the electric circuit for implementing the en- 
ergy conversion. At least one of the function electrodes 
has a shape with a contour of at least one acute angle, 


wherein at least a polarization augmenting electrode is 
pressed onto the surface of the body proximate to the 
acute angle during the fabrication of the piezoelectric 
workpiece. The polarization-augmenting electrode and 
the proximate function electrode thereof constitute a 
gross electrode when connected electrically together. 
Similar as in the case of a permanent augmenting elec- 
trode, the gross electrode substantially cancels the acute 
angle when paired with one of the function electrodes and 
connected to a polarization voltage. The polarization volt- 
age polarizes electric dipoles of grain molecules of the 
body in between the pair during fabrication of the piezo- 
electric workpiece so that the boundary region between 
different polarization orientation distribution regions 
within the piezoelectric workpiece are smoothed without 
any acute angle. 
[0078] | n accordance with the present invention, the method for 
fabricating a piezoelectric workpiece having permanent 
augmenting electrode would comprise at least the follow- 
ing steps. First, a body of piezoelectricity for implement- 
ing the energy conversion needs to be made. Then, a 
number of function electrodes are formed on the surface 
of the body. The function electrodes will be connected in 


the electric circuit for implementing the energy conver- 
sion. Among the function electrodes, at least one has a 
shape with a contour of at least one acute angle. At least 
one polarization augmenting electrode is also formed on 
the surface of the body proximate to the acute angle. The 
polarization-augmenting electrode and the proximate 
function electrode thereof constitute a gross electrode 
when connected electrically together. Next, electric 
dipoles of grain molecules of the body are polarized uti- 
lizing the gross electrode, which substantially cancels the 
acute angle when paired with one of the function elec- 
trodes and connected to a polarization voltage for imple- 
menting the polarization. The polarization voltage polar- 
izes electric dipoles of grain molecules of the body in be- 
tween the pair so that the boundary region between dif- 
ferent polarization orientation distribution regions within 
the piezoelectric workpiece is smoothed without any acute 
angle. 

[0079] An alternative method in accordance with the present in- 
vention that does not rely on a permanent augmenting 
electrode to achieve smoothing is also possible. Instead of 
permanent augmenting electrodes, temporary and equiva- 
lent electrodes can be used. The method comprises at 


least the following steps. First, a body of piezoelectricity 
for implementing the energy conversion is made. Then, a 
number of function electrodes are formed on the surface 
of the body. Among the function electrodes, at least one 
has a shape with a contour of at least one acute angle. 
Then, electric dipoles of grain molecules of the body are 
polarized utilizing at least a polarization augmenting 
electrode pressed onto the surface of the body proximate 
to the acute angle. The polarization augmenting electrode 
and the proximate function electrode thereof constitutes a 
gross electrode when connected electrically together. 
Likewise, the gross electrode substantially cancels the 
acute angle when paired with one of the function elec- 
trodes and connected to a polarization voltage for imple- 
menting the polarization. The polarization voltage thus 
may be allowed to polarize electric dipoles of grain 
molecules of the body in between the pair so that the 
boundary region between different polarization orienta- 
tion distribution regions within the piezoelectric work- 
piece are smoothed without any acute angle. 
[0080] Although the invention has been described in consider- 
able detail with reference to certain preferred versions 
thereof, other versions are possible. For example, al- 


though the drawings used for the description of the pre- 
ferred embodiment of the present invention include only 
Rosen type and a couple of other designs, it is not the in- 
tention of the present invention to be limited to these 
specific types of piezoelectric workpieces. Further, al- 
though generally-elliptically-shaped function electrodes 
are employed in the drawings, they are not intended for 
the limitation to the scope of the present invention. 
Therefore, the spirit and scope of the appended claims 
should not be limited to the description of the preferred 
versions contained herein. 


